This article is based on two hypotheses. The first one is the existence of the gravitational repulsion between particles and antiparticles. Consequently, virtual particleantiparticle pairs in the quantum vacuum might be considered as gravitational dipoles. The second hypothesis is that the Universe has geometry of a four-dimensional hyperspherical shell with thickness equal to the Compton wavelength of a pion, which is a simple generalization of the usual geometry of a 3-hypersphere. It is striking that these two hypotheses lead to a simple relation for the gravitational mass density of the vacuum, which is in very good agreement with the observed dark energy density. It might be a sign that QCD fields provide the largest contribution to the gravitational mass of the physical vacuum; contrary to the prediction of the Standard Model that QCD contribution is much smaller than some other contributions.
Introduction
No one knows what dark energy is, but we need it to explain (the recently discovered) accelerated expansion of the Universe. The most elegant and natural solution is to identify dark energy with the energy of the quantum vacuum predicted by Quantum Field Theory (QFT); but the trouble is that QFT predicts the energy density of the vacuum to be On leave from Cetinje, Montenegro. D.S. Hajdukovic ( ) PH Division CERN, 1211 Geneva 23, Switzerland e-mail: dragan.hajdukovic@cern.ch orders of magnitude larger than the observed dark energy density
Summing the zero-point energies of all normal modes of some field of mass m up to a wave number cut-off K c m, QFT yields (Weinberg 1989) a vacuum energy density (with = c = 1)
or reintroducing and c and using the corresponding mass cut-off M c instead of K c
where λ Mc denotes the (non-reduced) Compton wavelength corresponding to M c . If we take the Planck scale (i.e. the Planck mass) as a cut-off, the vacuum energy density calculated from (3) is 10 121 times larger than the observed dark energy density (1). If we only worry about zero-point energies in quantum chromodynamics, (3) is still 10 41 times larger than the (1). Even if the Compton wavelength of an electron is taken as cut-off, the result exceeds the observed value by nearly 30 orders of magnitude. This huge discrepancy is known as the cosmological constant problem (Weinberg 1989) . It is very unlikely that a solution of the cosmological constant problem can be found in the framework of the major approaches: superstrings, adjustment mechanisms, changing the rules of the classical General Relativity, quantum cosmology and anthropic principle (see review (Weinberg 1989) for more details).
In the present article the cosmological constant problem is approached on the assumptions that the gravitational interaction between matter and antimatter is repulsive, and that the Universe has geometry of a hyper-spherical shell (embedded in a four-dimensional Euclidian space) with thickness equal to the Compton wavelength of a pion. Under these assumption the relation
between the dark energy density, the pion mass m π , pion Compton wavelength λ π , and cosmological scale factor R is obtained. The later is given by the Friedman equation
with the total energy density of the universe relative to the critical density; H is the Hubble parameter, and we restrict to a closed universe (k = 1). In addition to its simplicity and fundamental appearance, the (4) is in very good agreement with the observationally inferred value (1) for the dark energy density.
In a recent and potentially very significant publication (Urban and Zhitnitsky 2009) it was argued that the well known Veneziano ghost in Quantum Chromodynamics (QCD) might act as a source for the cosmological constant. While our approach and approach in Urban and Zhitnitsky (2009) are very different, they share a common point of view that only the QCD vacuum is significant in Cosmology. A series of the striking "coincidences" involving pions (Dirac 1937 (Dirac , 1938 Weinberg 1972; Hajdukovic 2010a Hajdukovic , 2010b should be considered as a support to this point of view.
Conjecture of the gravitational repulsion between particles and antiparticles and its consequences
The While a huge majority of physicists believes that gravitational acceleration of particles and antiparticles is the same, there is room for surprises. The biggest surprise would be if the gravitational acceleration of particles and antiparticles just differs in sign and this exciting possibility is the main assumption in this paper.
The assumption of a gravitational repulsion between matter and antimatter (antigravity) as a universal property may be written
Here, a bar denotes antiparticles; while indices i and g refer to inertial and gravitational mass. The first two relations in (7) are based on experimental evidence (Will 1993; Gabrielse et al. 1999) , while the third is our conjecture. It radically differs from the conventional expression m g −m g = 0, implying (together with the Newton law of gravity) that matter and antimatter are mutually repulsive but self-attractive.
The usual statement that we live in the Universe completely dominated by matter is not true in the case of quantum vacuum, where according to QFT, virtual matter and antimatter "appear" in equal quantities. Thus, our hypothesis must have dramatic consequences for the quantum vacuum (a world of "virtual" matter) and indirectly through it to our world of "real" matter.
First, it is immediately clear that a virtual particleantiparticle pair is a system with zero gravitational mass and such a cancelation of gravitational masses might be important for an eventual solution of the cosmological constant problem. By the way, a similar cancellation of the opposite electric charges of particle and antiparticle in a virtual pair, leads to the zero density of the electric charge of the vacuum. Moreover, a virtual particle-antiparticle pair may be considered as a virtual gravitational dipole with dipole moment p = m d; p ≈ mλ = h c (7)
The vector d is directed from the antiparticle to the particle, and presents the distance between them. As the distance between particle and antiparticle is of the order of the Compton wavelength, we shall use the second of equations (7) attributing to every virtual pair a dipole moment independent of mass. Consequently, a gravitational polarization density P (i.e. the gravitational dipole moment per unit volume) may be attributed to the quantum vacuum. As well known, in a dielectric medium the spatial variation of the electric polarization generates a charge density ρ b = −∇ · P , known as the bound charge density. In an analogous way, the gravitational polarization of the quantum vacuum should result in a gravitational mass density of the vacuum. In the rest of the paper it would be argued that dark energy may be identified with such a gravitational mass resulting from polarization.
It is evident that under the assumption of antigravity, (2) and (3), correspond to the inertial mass density of the physical vacuum, while the dark energy is related to the density of the gravitational mass. Equations (2) and (3) are not in
